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Abstract

The C. elegans gene swip-10encodes an orphan metallo f-lactamase that genetic studies indicate
is vital for limiting neuronal excitability and viability. Sequence analysis indicates that the
mammalian gene Mb/ac1 is the likely ortholog of swip-10, with greatest sequence identity
localized to the encoded protein’s single metallo f-lactamase domain. The substrate for the
SWIP-10 protein remains unknown and to date no functional roles have been ascribed to
MBLACL, though we have shown that the protein binds the neuroprotective -lactam antibiotic,
ceftriaxone. To gain insight into the functional role of MBLACL /n vivo, we used CRISPR/Cas9
methods to disrupt N-terminal coding sequences of the mouse Mblac1 gene, resulting in a
complete loss of protein expression in viable, homozygous knockout (KO) animals. Using serum
from both WT and KO mice, we performed global, untargeted metabolomic analyses, resolving
small molecules via hydrophilic interaction chromatography (HILIC) based ultra-performance
liquid chromatography, coupled to mass spectrometry (UPLC-MS/MS). Unsupervised principal
component analysis reliably segregated the metabolomes of MBLAC1 KO and WT mice, with 92
features subsequently nominated as significantly different by ANOVA, and for which we made
tentative and putative metabolite assignments. Bioinformatic analyses of these molecules nominate
validated pathways subserving bile acid biosynthesis and linoleate metabolism, networks known to
be responsive to metabolic and oxidative stress. Our findings lead to hypotheses that can guide
future targeted studies seeking to identify the substrate for MBLACL and how substrate hydrolysis
supports the neuroprotective actions of ceftriaxone.
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Textual Abstract

Using an untargeted, serum metabolomics approach, we nominate biochemical pathways sensitive
to loss of the orphan metallo p-lactamase MBLACL.
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INTRODUCTION

Despite the availability of a human genomic blueprint for nearly two decades, over 50% of
proteins remain to be functionally annotated.13 Many of these undefined proteins have
predicted structural domains that suggest potential, but undefined, physiological function.
Our previous studies in the model system C. elegans identified the gene swip-10as a glial
regulator of dopamine (DA) signaling, with genetic studies supportive of a function linked to
modulation of extracellular glutamate (Glu) levels that can drive increased DA neuron
excitability and elevated DA secretion, as well as DA neuron degeneration.* > Both
SWIP-10 protein, and its putative mammalian ortholog, MBLACL, contain a single metallo
B-lactamase (MBL) domain. 4 8 Supporting the hypothesis that both SWIP-10 and
MBLACL1 proteins function as enzymes, the MBL domains of both proteins possess the core
motif (HxHXDH) found in prokaryotic and eukaryotic metallo-hydrolases that supports the
coordination of metal ions to allow water polarization and substrate hydrolysis.”- 8 The
substrates for both SWIP-10 and MBLAC1, however, have yet to be identified, and further
progress on their contribution to cell physiology will require their identification and
elucidation of the molecular pathways within which they act.

In eukaryotes, the MBL domain has been repurposed to support hydrolysis of a diverse array
of substrates ranging from intermediary metabolites (i.e. glyoxalase Il hydrolyzes the toxic
2-oxoaldehyde, methylglyoxal) and lipids to RNA and DNA.5: 9 10 As such, prediction of
the substrate(s) targeted by SWIP-10/MBLAC1 remains a challenge. Although putative loss
of function mutations in the swip-10gene result in readily detectible functional and
structural phenotypes in DA neurons, the cell non-autonomous nature of these effects adds
complexity to the process of inferring substrate identity from physiological consequences.
Recently, we discovered that MBLACL is a specific, and possibly exclusive, high-affinity
target for the B-lactam antibiotic, ceftriaxone (Cef).1! Importantly, multiple studies reveal
that Cef can elevate glial expression of plasma membrane Glu transporters that can
normalize pathologically altered extracellular Glu levels.12-14 However, neither the
endogenous substrate nor an ascribed metabolic pathway, have been established for
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MBLACL, though the ability of Cef to afford neuroprotection against Glu related pathology
in many brain disorders'2 15-17 and block reinstatement to drugs of abuse after withdrawal,
18-20 suggests that advances in substrate and pathway elucidation may be of clinical
significance.

In theory, clues to potential SWIP-10/MBLAC1 substrates and associated metabolic
pathways may be gathered through evaluation of molecular differences emerging from a
comparison of normal animals and animals deficient in enzyme expression. Although we
have significant functional information in worms concerning the cellular and physiological
impact of swip-10mutations, the gene is expressed in a small number of cells, making a
biochemical comparison between wildtype and mutant strains problematic. In contrast, the
murine Mblac gene is widely expressed. Thus, we opted to characterize biochemical
differences between wildtype (WT) and Mblac1 knockout (KO) mice, produced using a
CRISPR/Cas9 approach?l: 22, Here we report both our successful generation of viable
Mblac1 knockout (KO) mice and our efforts to use these animals to investigate the in vivo
biochemical impact of loss of MBLACL expression.

Here we present the results of our efforts to interrogate the serum metabolome of MBLAC1
KO and age-matched WT mice. To resolve serum small molecules responsive to loss of
MBLACL expression, we implemented an ultra-performance liquid chromatography coupled
to mass spectrometry (UPLC-MS/MS)-based analysis. We report the presence of unique
biosignatures that distinguish the sera of MBLAC1 KO from WT mice, with replicated,
over-representation of features linked to primary bile acid biosynthesis and linoleate
metabolism. We discuss these networks in the context of the emerging biology of the
MBLAC1 ortholog SWIP-10, as well as the neuroprotective actions of chronic Cef
administration.

METHODS AND MATERIALS

Generation of Mblac1l KO Mice

Initial untargeted metabolomics experiments and generation of the Mblacl KO mice were
performed under a protocol approved and annually reviewed by the Vanderbilt Institutional
Animal Care and Use Committee. For a subsequent pathway validation metabolomic study,
experiments were performed under a protocol approved and annually reviewed by the
Florida Atlantic University Institutional Animal Care and Use Committee. In all
experiments, mice were housed on a 12:12 LD cycle with food and water available ad
libitum. To implement a CRISPR/Cas9 based strategy for producing MblacZ KO mice, we
utilized software developed in the Zhang laboratory (Massachusetts Institute of Technology,
http://crispr.mit.edu.proxy.library.vanderbilt.edu) to evaluate sequences in the first exon,
where we identified an optimal protospacer adjacent motif (PAM) sequence located 43-45
bp 3" of the ATG start site. We generated a guide RNA with sequence that matched the
protospacer adjacent to the PAM - 3" to 5": GGAAACGACCGCAGGTCGCCG (PAM site
underlined). Sense and antisense oligonucleotides (Sigma Aldrich, St. Louis, MO) encoding
the guide RNA were annealed and inserted into the plasmid pX330, a gift from Feng Zhang
(Addgene plasmid #42230) which also encodes CAS9.23 Injection of the plasmid into
C57BL6/J embryos was performed in the Vanderbilt ES/Transgenic Mouse Core. From these
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injections one male pup was identified as having a 5bp deletion at the targeted site, deleting
bp 46-50, and another male pup was identified as having a 14bp deletion at the targeted site,
deleting bp 44-57, as verified by Sanger sequencing (Genewiz). KO mice referred to in the
present study represent progeny of the 5bp deletion founder. Genotyping of MBLAC1 KO
mice was performed by TransnetY X, Inc (Cordova, TN, USA) using separate PCR reactions
to genotype for WT (forward primer: GACAGCGATAGTTTAGTTTC, and reverse primer:
TTGCTGGCGTCCAGCGGC), 5bp deletion MBLAC1 KO (forward primer:
GACAGCGATAGTTTAGTTTC and reverse primer: TCCCTGGCGTCCAGCGGC) and
14bp deletion MBLAC1 KO (forward primer: CGAGCCCCTGCATCCT and reverse primer:
GCCGCGCAGCAGAAC). KO mice were mated with WT C57BL6/J females and
heterozygous KO pups were outcrossed to C57BL6/J mice for 3 additional generations to
limit the presence of off-target mutations in mice used for analysis.

Evaluation of MBLAC1 Protein Expression by Western Blotting

All chemicals used in tissue homogenization and immunoblotting assays, unless otherwise
specified, were obtained from Sigma-Aldrich (St. Louis, MO, USA). For western blots to
validate loss of MBLAC1 protein, male mice were killed by rapid decapitation and whole
brains were removed to an ice-cold metal plate and dissected into specific regions. Freshly
dissected brain regions were homogenized in RIPA buffer (50mM Tris, pH 7.4, 150mM
NaCl, 1 mM EDTA, 1% TRITON X-100, 1% sodium deoxycholate, 0.1% SDS) with a
Dounce homogenizer and then solubilized for 1 hr at 4°C while rotating. Protein lysates
were centrifuged at 4°C for 30 min at 15,000xg to remove insoluble material. Protein
concentrations of supernatants were determined using the BCA method (ThermoFisher,
Waltham, MA, USA) and 40 g of brain (cortical tissue) protein and 60 g of liver protein
was separated by 10% SDS-PAGE, transferred to PVDF membranes (Miillipore Sigma,
Billerica, MA, USA). Membranes were blocked using 5% dry milk in TBS/0.1% Tween
(TBST) for 1 hr at room temperature (RT) prior to incubation with affinity-purified
MBLACL1 #4980 antibody (1:1000 dilution in 5% milk with TBST - incubated overnight at
4°C followed by 4 x 5 minutes with TBST) as previously described.11 HRP-conjugated,
mouse anti-rabbit secondary antibody (Jackson ImmunoResearch, West Grove, PA) was
used at 1:10000 dilution. B—Actin was detected using a 1:20,000 dilution of p—actin-HRP
antibody (Sigma-Aldrich, St. Louis, MO). Immuno-reactive bands were identified by
chemiluminescence (Clarity, BioRad, Hercules, CA, USA) and imaged with an LAS4000
imager (GE Healthcare Life Sciences, Pittsburg, PA, USA) and analyzed with associated
ImageQuant™ software (GE Healthcare Life Sciences, Pittsburg, PA, USA).

Serum Sample Preparation

Our initial untargeted study made use of serum collected from three, age- (12-16 wks) and
sex- (female) matched WT and KO mice. WT mice were commercially obtained C57BL/6J
mice (Jackson Labs, Bar Harbor Maine, USA). Our subsequent pathway validation study
reported is derived from serum collected from four sex-(female) matched WT and KO
littermates (aged 12-16 weeks) bred from Mblac1 heterozygous parents. Following rapid
decapitation of mice, 0.5-0.75 mL of trunk blood (blood immediately collected from the
body at the site of decapitation) was collected, allowed to coagulate on ice for 30 min and
centrifuged (15 min at 5,000 rpm). Serum (50 pL) was collected into fresh tubes followed by
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addition of ice cold 80% methanol (5% by volume), then stored at —80°C overnight. On the
next day, samples were centrifuged at 10,000 rpm for 15 min to eliminate methanol
precipitated proteins. This methanol precipitation step was repeated and the metabolite
containing supernatant was dried via speed-vacuum and stored at —80°C until analysis.

Global, Untargeted UPLC-MS/MS Analysis

For mass spectrometry analysis, dried extracts were reconstituted in 100 pL of acetonitrile/
water (80:20, v/v) and centrifuged for 5 min at 15,000 rpm to remove insoluble material.
Quality control (QC) samples were prepared by pooling equal volumes from each
experimental sample. Full MS (FMS) data was acquired for this QC pool, in both HILIC-
POS (3 FMS QC runs) and HILIC-NEG (1 FMS QC runs) methods, to use as a retention
time alignment reference within Progenesis QI for subsequent normalization and data
quantitation. MS/MS (data dependent (DD)) acquisitions for pooled QCs were run to assess
instrument performance over time and used for feature annotation (described below).

MS analyses were performed on a Q-Exactive HF hybrid mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with a Vanquish UHPLC binary system and
autosampler (Thermo Fisher Scientific, Germany). Extracts (5uL injection volume) were
separated on a SeQuant ZIC-HILIC 3.5-ym, 2.1 mm x 100 mm column (Millipore
Corporation, Darmstadt, Germany) held at 40°C. Liquid chromatography was performed at a
200 puL min~1 using solvent A (5mM ammonium formate in 90% water, 10% acetonitrile)
and solvent B (5mM ammonium formate in 90% acetonitrile, 10% water) with the following
gradient: 90% B for 2 min, 90-40% B over 16 min, 40% B held 2 min, and 40-90% B over
10 min, 90% B held 10 min (gradient length 40 min). Full MS analyses were acquired over a
mass range of m/z 70-1050 under an ESI positive profile mode and separately under an ESI
negative profile mode. Full mass scan was used at a resolution of 120,000 with a scan rate at
~3.5 Hz. The automatic gain control (AGC) target was set at 1 x 108 ions, and maximum ion
injection time (IT) was at 100 ms. Source ionization parameters were optimized with the
spray voltage at 3.0 kV, and other parameters were as follows: transfer temperature at

280 °C; S-Lens level at 40; heater temperature at 325 °C; Sheath gas at 40, Aux gas at 10,
and sweep gas flow at 1. Data dependent (DD) MS/MS spectra were acquired using a data
dependent scanning mode in which one full MS scan (m/z 70-1050) was followed by 2
MS/MS scans. MS/MS scans are acquired in profile mode using an isolation width of 1.3
my/z, stepped collision energy (NCE 20, 40, 60), and a dynamic exclusion of 6 s. MS/MS
spectra were collected at a resolution of 15,000 with an AGC target set at 2 x 10° ions, and
IT of 100 ms. To assess instrument performance and reproducibility throughout our
experimental run sequence, we monitored the retention times and peak areas for a subset of
identified endogenous molecules (n=10) observed in the 3 DD QC pool runs bracketing the
experimental FMS QC and experimental run sequence (visualized using Skyline
(www.skyline.ms)24). These data (see Supplemental Figs. S2-5) demonstrate the reliability
of our UPLC-MS/MS platform minimizing the importance of technical replicates.

Metabolite data processing and analysis

UPLC-MS/MS raw data were imported, processed, normalized, and reviewed using
Progenesis QI v.2.1 (Non-linear Dynamics, Newcastle, UK). All FMS sample runs were
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aligned against a FMS QC pool reference, with alignment to the reference being = 97%,
demonstrating the reproducibility of the HILIC column separation method. Peak picking,
with a minimum threshold of 250,000 ion intensity, was performed for individual aligned
runs based on an aggregate run (representative of all ion peaks detected in all samples).
Unique ions (retention time and m/z pairs) were grouped (a sum of the abundancies of
unique ions) using both adduct and isotope deconvolutions to generate unique “features”
(retention time and m/z pairs) representative of unannotated metabolites. Data were
normalized to all features using Progenesis QI. Briefly, all runs have a measurement for
every feature ion, therefore a ratio can be taken for the feature ion abundance in a particular
run relative to the value in the normalization reference. Progenesis applies a Log10
transformation to the ratio to yield a normal distribution on all ratio data within each run for
all samples, and scalar estimations shift the Log10 distributions onto that of the
normalization reference. Resulting FMS data was utilized for relative quantitation. The
minimum percent coefficient of variance (%CV) was determined for all features across
sample groups. Data was exported to EZ Info (Umetrics Software) and unsupervised (% of
mean) Principle Components Analysis (PCA) was used to visualize clustering of data groups
(all features included) prior to statistical tests of significance. Additionally, within
Progenesis QI, a one-way analysis of variance (ANOVA) test was used to assess significance
between WT and KO groups and returned a P-value for each feature (retention time_m/z
descriptor), with a nominal P-value <0.05 taken as significant (Supplemental Fig. S6
demonstrates the distribution of feature ANOVA P-values, with a histograms for HILIC-POS
and HILIC-NEG skewed toward zero.25 Significant features were further filtered using a
fold change threshold calculated by Progenesis from combined abundance data, with a cutoff
of FC > |1.2|deemed as significant. Multiple testing correction (MTC) was conducted with
Bioconductor’s g-value package (https://bioconductor.org/packages/release/bioc/html/
gvalue.html) using the Storey method with the 0 method set to “bootstrap”, a false
discovery rate (FDR) level < 0.1, and default parameters (Supp. Table 1 and 2).26: 27
Visualizations of dysregulated metabolites were represented by volcano plots (log, (fold
change) vs. —logyg (P-value)). Tentative and putative annotations were determined within
Progenesis using accurate mass measurements (< 5 ppm error), isotope distribution
similarity, and manual assessment of fragmentation spectrum matching (when applicable)
from the Human Metabolome Database (HMDB)?8, Metlin29, MassBank3°, and the National
Institute of Standards and Technology (NIST) database3!. Additional putative annotations
were assigned using Compound Discoverer 2.0 (Thermo Scientific, Waltham, MA, USA).
Briefly, the DDA data was uploaded to Compound Discoverer 2.0, deconvoluted to group
isotopes/adducts of the same feature, and features were assigned an m/z Cloud spectral
match score based on feature spectral matches against the mzCloud32 spectral libraries.33
For Level 3 confidence features (i.e., annotations supported by MS1 level data that may
match multiple candidate annotations, including potential isomeric matches with
indistinguishable chemical formula and spectral matches), mummichog 2.0
(www.mummichog.org/index.html)34 was utilized to rank the most likely species within our
samples. mummichog 2.0 predicts biological activity from MS1 data rather than formal
manual curation of MS-2-dependent identifications. The MetaboAnalyst 3.0 program
(www.metaboanalyst.ca/) was used for pathway and metabolite set enrichment analyses
using the list of statistical significance annotated features in the discovery dataset,33: 35
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KEGG metabolite pathways were visualized using Cytoscape 3.4.0 (The Cytoscape
Consortium, USA). Increased confidence in the annotation of many features was achieved
by manually assessing spectral match and RT consistencies between experimental data and
chemical standards within a curated in-house library. Chemical standards (purchased from
Sigma Aldrich (St. Louis, MO) unless otherwise specified) were prepared at a concentration
of 10ng/uL in acetonitrile/water (80/20, v/v).

Validation of pathway disruptions via metabolomic UPLC-MS/MS analysis

UPLC-MS/MS raw data were imported, processed, normalized, and reviewed using
Progenesis QI v.2.1 as described above for the initial discovery dataset with an additional
pooled QC DD run acquired in the middle the sample injection sequence. After the raw data
was imported and processed in Progenesis, mummichog 2.03* was used to perform pathway
enrichment analysis by predicting biological activity from MS1 data allowing a focused
assessment and validation of specific pathways sensitive to Mblacl KO. Significant
pathways were determined using the Fisher exact test and corrected P-values provided in
Table 2 were determined by modeling the raw A-values as a Gamma distribution and
adjusted on the cumulative distribution function (CDF) of the Gamma model.34

RESULTS AND DISCUSSION
Generation and Validation of MBLAC1 KO Mice

To eliminate expression of MLACL /n vivo and initiate a metabolomic interrogation of
MBLAC1-linked pathways, we used a non-homologous end joining (NHEJ) CRISPR/Cas9
strategy to introduce deletions in the Mblac1 gene, disrupting sequences that encode the N-
terminus of MBLAC1 protein as described in the Methods.38: 37 This effort yielded two
different deletion lines with either 5 bp or 14 bp deletions. The studies described in this
report, derive solely from experiments with mice that harbor the 5 bp deletion, which lies 46
bp downstream of the MBLAC1 protein start site (Fig. 1a). The resulting frame shift results
in the generation of 27 amino acids of ectopic sequence prior to strand termination (Fig. 1b).
As shown in Fig. 1c, immunoblots of brain (cortical tissue) and liver extracts prepared from
5 bp deletion-containing KO mice, using affinity-purified MBLAC1 antibody, demonstrated
complete loss of the 27 kDa band predicted to encode MBLAC1 protein (Fig. 1c, Fig. S1).11
Whereas a more detailed characterization of the phenotypes of the MBLAC1 KO animals
will be provided in future reports, we note here that the founder mouse, as well as
subsequent heterozygous and homozygous KO progeny, were viable, produced offspring at
normal Mendelian ratios (Fig. 1d), and exhibited no visible physical or behavioral
abnormalities.

Our experimental design, from serum collection through data analysis, is depicted in Fig. 2.
Serum samples were collected from WT and MBLAC1 KO mice and metabolites were
separated by polarity using HILIC-POS and -Neg UPLC-MS/MS. For confidence in
metabolite detection and putative identification of features, we pursued two complementary
data processing and analysis platforms, Progenesis QI and Compound Discoverer 2.0 as
described in Methods. Briefly, Progenesis QI was used for peak-picking, normalization and
statistical analysis to determine uniqueness of MBLAC1 KO and WT sera metabolomes.

Mol Omics. Author manuscript; available in PMC 2019 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson et al.

Page 8

Both Progenesis QI and Compound Discoverer 2.0 were used to assign annotations to
features of interest based on database searches and spectral library matching. The compiled
list of annotated, significantly regulated features was subsequently analyzed by
MetaboAnalyst 3.0. where we assessed enrichment of known metabolic pathways. This
approach was designed to identify metabolic pathways affected by loss of MBLAC1
expression, and thereby provide a physiological context for contributions of MBLAC1
substrate(s).

Elucidation of an MBLAC1-dependent Serum Metabolome

UPLC-MS/MS methods are now commonly used for metabolomic studies owing to their
high-resolution and sensitivity capabilities.38 As many endogenous metabolites found in
serum samples are expected to be polar/hydrophilic, we initiated our efforts using HILIC to
retain and resolve polar analytes.39 40 We used both HILIC-positive (POS) ion mode (Fig.
3a) and HILIC-negative (NEG) ion mode (Fig. 3b) MS methods to increase the molecular
breadth of detected metabolites. Future studies may benefit from complementary reverse-
phase liquid chromatography (RPLC)-MS methods.*! In Fig. 3a-b, we show representative
total ion chromatograms for serum samples derived from WT and KO mice. We used the
Progenesis QI data processing platform, to inspect these runs for reproducible, genotype-
dependent differences by normalizing to all feature abundances (each feature abundance is a
sum of feature ion abundances comprised of grouped adduct forms). While not a direct
indicator of efficacy, these analyses detected many molecular features (with unique mass to
charge ratios (m/z)) in our data set, 2002 features in HILIC-POS and 2336 features in
HILIC-NEG. Within Progenesis QI, feature sample variance is defined by the minimum
percent coefficient of variance (min %CV) from any experimental group such that a low
%CV value represents less abundance variance among biological samples. Based on other
untargeted metabolomic studies,*2: 43 we considered features with a min %CV <30% as
having acceptable abundance variation, with 69% of the features in HILIC-POS have a min
%CV <30% and 57% of the features in HILIC-NEG have a min %CV <30%. The binning of
features by min %CV ranges is shown in supplemental Fig. S7. Subsequent, unsupervised
PCA of these data revealed clear and consistent segregation of WT and KO biological
replicates (Fig. 3c—d), distinct from the pattern of pooled reference samples.

Next, a one-way ANOVA was used to nominate features that demonstrated genotype-
dependent abundance differences between WT and KO samples, with a nominal P-value of
<0.05 taken as significant. For HILIC-POS data, ANOVA analysis revealed 326 features as
significant, 16% of the total number of features. For samples analyzed by HILIC-NEG, 287
features, 12% of the total, reached significance. These features are displayed in Volcano
plots in Fig. 4, showing significance on the x-axis and magnitude of change on the y-axis,
and highlighting the upper, outer features for prioritization for subsequent identification and
pathway analysis. In these discovery experiments, we used a liberal fold change [(FC) = |
1.2[] as our filtering threshold, based on previous plasma metabolomics studies.4
Supplementary Tables 1 and 2 summarize the features significantly dysregulated between
WT and KO samples from HILIC-POS and -NEG respectively.
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Nomination of Biomarkers of Loss of MBLAC1 Expression

Metabolite identification was pursued for significant features, with a nominal ~value <0.05
and a FC = |1.2|. The experimental m/z measurement of each feature was queried against
several published metabolite databases (i.e., HMDB, MassBank, Metlin, NIST, mzCloud) to
match feature m/z within a £5 ppm window. We assigned various levels of confidence to our
metabolite annotations (Table 1) based on the levels of metabolite identification first
outlined by Sumner et al. 2007 and the Metabolomics Standard Initiative,*> and the more
recent adaptations of this approach (representative suggested tentatively/putatively annotated
features significantly sensitive to MBLAC1 loss from the discovery dataset in Fig. $8).33 46
Several of the prioritized molecules do not match any current database entries, either
representing novel metabolites (unknown unknowns) or unknown degradation or breakdown
products that are absent from existing databases. These are classified most broadly as level 5
(L5) for a feature annotated with a unique m/z. A subset of the significantly regulated
molecules in our data, classified as level 4 (L4), could be assigned multiple potential
molecular formulas and thus render multiple candidate annotations. Level 3 (L3) features are
classified based on a confident molecular formula and accurate mass. We assigned tentative
identifications to many L3 features by using mummichog 2.0 to predict the species found in
our samples, and denoted these putative annotations in Table 1. Features are classified as
level 2 (L2) when experimental fragmentation data is consistent with a spectral library match
upon manual assessment and curation, rendering a putative identification (Figs. S9-20). We
have in-house experience that pure reference standards generate match scores ranging from
20/100 to >99/100 against external spectral libraries. Thus, we set an arbitrary threshold of
45/100 to facilitate curation. A lower fragmentation score match was accepted for features
with a low (<100) m/z that matched a single metabolite, in which case the low fragmentation
score is likely a result of minimal fragmentation as well as potential MS/MS fragments
being below the detection limit of our instrumentation platform. Together, Progenesis QI and
Compound Discoverer 2.0 facilitated annotations for 16% (92 out of 593) of the
significantly different features. The highest identification, confidence level (L1), is achieved
by comparison of experimental data with that of a standard reference compound to confirm
the structure with retention time, isotope pattern, and fragmentation.

Nomination of MBLAC1-dependent Metabolic Pathways

To identify metabolic pathways altered by MBLAC1 KO, we pursued analysis with features
of interest exhibiting moderate to high confidence levels of identification (L3-L1).
MetaboAnalyst 3.035 47 was used to map the 92 significantly dysregulated, putatively-
identified metabolites to Kyoto Encyclopedia of Genes and Genomes (KEGG) defined
pathways. The most over represented KEGG pathways are highlighted in Fig. 5a. After
identifying these dysregulated pathways, we determined the total coverage of each pathway
that was identified in our dataset which allowed us to increase our confidence in KEGG
pathway assignment (Fig. 5b). HILIC-MS/MS provides effective retention, separation, and
elution of polar molecules and consequently, lower representation of non-polar molecules is
expected, and thus we would not expect to obtain full coverage of metabolic pathways.
Several pathways, however, were identified as warranting further inspection, including
taurine and hypotaurine metabolism, primary bile acid biosynthesis, glutathione metabolism,
and linoleate metabolism.
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The KEGG defined pathway for taurine and hypotaurine metabolism overlaps at multiple
points with the pathway supporting primary bile acid homeostasis. The pathway intersection
(containing 31 metabolites) is highlighted in our user-defined, hybrid “taurine, hypotaurine
and primary bile acid metabolism” pathway (Fig. 6a) with the highest (68%) coverage of
metabolites in our dataset. Furthermore, 16% of the metabolites (i.e., 5 features) in this
combined pathway are putatively identified as significantly reduced in KO samples (Fig. 6a
and Table 1) with large fold changes (i.e. Taurochenodeoxycholic acid FC = |49.1])
observed, underscoring these pathways as particularly sensitive to the absence of MBLAC1
expression. Furthermore, the two linked pathways noted can also be associated with
glutathione (GSH) metabolism. Thus, although no change was observed in cysteine, this
amino acid is a key precursor to the synthesis of taurine related metabolites and is also a key
amino acid in the GSH pathway, which MetaboAnalyst 3.0 KEGG pathway analysis
revealed to be significantly impacted by loss of MBLAC1 expression, with 8% (3 features)
of KEGG GSH metabolites altered in KO serum (Fig. 6b and Table 1). Lastly, our
MetaboAnalyst 3.0 KEGG pathway analysis identified linoleate metabolism, depicted in
Fig. 6c, as a pathway with changes in a sizeable number of metabolites detected (40% total
metabolic pathway coverage (Fig. 5b) and identified to have 13% over-representation of
significantly dysregulated metabolites) (Fig. 5a). Together these findings encouraged a
follow up experiment of MBLAC1 KO metabolic changes to validate the impact of the
MBLACL1 KO, with particular reference to the metabolic pathways highlighted above
(pathways of interest).

Validation of Metabolic Pathway Disruptions Induced by Loss of MBLAC1

Using an independent set of serum samples prepared from four age- and sex-matched
(female) littermate MBLAC1 KO and four WT mice, we conducted follow-up metabolic
pathway based analyses to provide preliminary validation of MBLAC1 sensitive metabolic
pathways determined from our initial age and sex-matched, but non-littermate derived serum
samples (Fig. 2). Our validation dataset corroborated the presence of 80% (19/24) of the
unique features putatively identified in pathways of interest (Table 1) in the discovery set of
serum samples by Progenesis QI, though some features were not detected. Utilizing our
second set of serum samples to pursue validation of our discovery dataset at the specific
pathway level, we again used mummichog 2.0, to determine the metabolic pathways
impacted by loss of MBLAC1 (Fig. 2).34 The software predicted bile acid biosynthesis (P-
value =0.042, 5 significant features out of 18 pathway features) and linoleate metabolism (~-
value =0.0002, 7 significant features out of 14 pathway features), reproducing two of the
pathways from our initial discovery findings that the top metabolic pathways affected by
loss of MBLACL include primary bile acid biosynthesis and linoleate metabolism (Table 2).
Multiple other pathways were nominated as significantly impacted by MBLAC1 KO, though
almost all of these derive from 2-3 molecules within their designated network. A notable
exception is a pathway linked to urea cycle/amine group metabolism, where 9 of 38 features
were nominated, though this pathway had not been identified in our earlier discovery
analysis. In our validation analysis, we did not identify a significant perturbation of GSH
metabolism following loss of MBLACL. As the bile acid synthesis pathway, which retained
significance, shares molecules with that of the GSH metabolic pathway, we suspect that the
lack of significance of the latter network may reflect an overall weaker effect of Mblacl
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genotype that becomes insignificant in the context of the more stringent, littermate based
design of the validation experiment. Alternatively, this difference could derive from
unknown variables associated with animal housing and husbandry at the two sites where
samples were derived.

Potential Significance of Perturbation of Taurine-derived Metabolites within the Primary
Bile Acid Biosynthesis Pathway

As noted above, MBLAC1 KO appears to result in a consistent reduction in the abundance
of many taurine derived metabolites such as taurochenodeoxycholic acid and taurocholate
(Fig. 6a) that reside in the primary bile acid metabolism pathway. Indeed, these features
represent the most significantly altered and putatively identified metabolites in our dataset,
with the greatest magnitude of change due to loss of MBLAC1 (Supp. Table 1 and 2). Our
pathway validation data provided additional support for bile acid biosynthesis and taurine
derived metabolites as highly sensitive to MBLAC1 expression (Table 2). Taurine and
related metabolites have many important biological roles, ranging from essential
contributions to bile acid conjugation in the liver, to the regulation of cardiac and skeletal
muscle function, and evidence suggests that they can cross the blood brain barrier and
regulate neurotransmission.*8 49 Taurine has been shown to be protective against oxidative
stress induced cell death in peripheral tissues such as liver in several animal models of
hepatotoxicity.5%: 51 Likewise, tauroursodeoxycholic acid (TUDCA), a bile acid derivative of
taurine, has been shown to be neuroprotective in /n vitro and in vivo models of cell death
such as retinal degeneration where the compound has been found to markedly decrease
retinal neural cell death by reducing cellular stress and preventing release of pro-apoptotic
factors.52-54 Therefore, loss of these molecules from the serum of MBLAC1 KO mice may
indicate a role played by the MBLACL substrate in triggering the induction of taurine
metabolic pathways that protect against cell stress and cell death. This is an interesting
conclusion in the context of the reported neuroprotective action of Cef, 12 55. 56 which we
have determined to bind MBLAC1, likely as a functional antagonist due to the B-lactam
structure of Cef.11 Chronic Cef treatment of cells has been reported to act via a Nrf2
pathway to induce expression of the cysteine/Glu exchanger and the Na*-dependent Glu
transporters that can diminish the threat of excitotoxic insults and oxidative stress.>’ We
hypothesize that short term Cef blockade of MBLACL is detected as a stressful event by
Nrf2, whereas the lifelong absence of MBLAC1 may preclude cells from mounting an
appropriate stress response, as revealed in a reduction in bile acid pathway molecules in the
serum of Mblacl KO mice.

Potential Significance of Alterations in Linoleate Metabolism

In our validation analysis, we confirmed that linoleate metabolism is one of the metabolic
pathways sensitive to loss of MBLAC1 (Fig. 6¢ and Table 2). Linoleic acid is an essential
poly-unsaturated, omega-6 fatty acid (PUFA) primarily known as a precursor for the
biosynthesis of arachidonic acid. Alterations in linoleic acid levels have been associated with
a wide variety of health consequences ranging from perturbations of skin and hair health, as
well as obesity and cardiovascular disease.?8-80 As our ongoing and future efforts are
focused on identifying a role for MBLACL in the brain, we particularly note that linoleic
acid crosses the blood-brain barrier,61: 62 and that brain levels of linoleic acid and derived
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fatty acids are resistant to dietary fluctuations in linoleate intake, suggesting that precise
control of linoleic acid abundance in the brain is essential for normal brain function.63. 64
Moreover, linoleic acid and other PUFAs have been reported to be reduced in patients with
Alzheimer’s disease, multiple sclerosis, mood disorders,55-87 and a recent metabolomics
study of serum from subjects with epilepsy identified reductions in linoleic acid and its
metabolites.%8 This body of work supports the hypothesis of Cocchi et. al., suggesting that
reduced membrane linolenic acid concentrations in neurons and glia may reflect a
pathological state.59 In this regard, as we observe changes in the metabolites of the linoleic
acid metabolism pathway in MBLAC1 KO mice (Fig. 6¢), we hypothesize that MBLAC1
KO mice may be more susceptible to abnormal brain health, a hypothesis that can be
assessed through disease-mimicking pharmacological and genetic challenges.

Study limitations and future directions

We acknowledge that there are several limitations to utilizing a global, untargeted
metabolomic approach as a pilot study determine the metabolic pathway disrupted by
genetic loss of an orphan enzyme. However, our data suggests that knock-out of Mblacl is
sufficient to significantly alter the murine serum metabolome and provides directionality to
subsequent targeted analyses. The biggest limitation to this study is the small sample size
and resultant challenges in drawing definitive conclusions without the statistical power of a
larger sample size. However, despite the low number of biological replicates, we are able to
identify replicable metabolic pathways reliant on MBLACL. Rather than increase the “N”
associated with our initial discovery analyses, we decided to pursue validation experiments
using age and sex-matched, littermate control WT mice as a more rigorous WT control that
was unavailable when the discovery experiment was performed, due to the early stage of our
MBLACL1 KO colony. The inclusion of an independently conducted validation study
provides the opportunity to evaluate whether the pathways identified in the discovery phase
of our efforts are strong enough to survive attempts at replication in a separate cohort. We
also note that, in between the discovery and validation studies, the laboratory relocated, so
we must also consider false negative results that may have arisen from differences in animal
housing and husbandry.

Global, untargeted metabolomic studies are becoming increasingly popular as exploratory,
hypothesis-generating experiments that provide an unbiased opportunity to uncover
networks perturbed by genetic, pharmacological or environmental insults.”%-74 Importantly,
metabolomic approaches can provide key data that allow for the “de-orphanization” of
enzymes.” 76 Our samples for analysis, however, only derive from serum, which collects
molecules from all tissues and thus may be seen as limiting the specificity of our
conclusions. Serum is a frequent source of material for such studies, however owing to its
relative ease of preparation and ability to report system-level biochemical changes without
assumptions as to specific sites of gene/drug action. Serum has also been utilized to search
for pathological biomarkers and insults arising from genetic mutations. 77~79 Finally, serum
is also a reasonable starting point for the current analyses as MblacI mRNA is expressed
widely, including expression in both brain and peripheral tissues.*
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As a pilot study, with restricted serum sample availability, we selected a metabolite
extraction method and metabolite separation column (HILIC) well suited to retention and
separation of polar metabolites typically found in the predominately aqueous serum.39: 80
We utilized a methanol (MeOH) protein precipitation step, in which polar metabolites are
retained in the MeOH supernatant, subsequently dried down, and resuspended for analysis
by mass spectrometry. It is likely that some hydrophobic metabolites and lipids are lost in
the protein pellet or not retained by the HILIC column, which is primarily used for the
separation and elution of polar compounds.4?: 81 82 By monitoring a subset of identified
endogenous molecules within QC samples throughout the experimental run sequence order,
we provide evidence (Supplemental Figs. S2-5) that our LCMS/MS platform is stable and
reliable, minimizing the importance of technical replicates. In future metabolomic
experiments we will use complementary extraction methods as well as RPLC to increase the
breadth of compound coverage thus expanding the analysis presented here.

An inherent challenge to investigating an orphan enzyme, is designing simple yet powerful
hypothesis generating pilot studies that will inform future studies without leading to pursuit
of false positives. Our knowledge of Mblacl is derived from our previous studies
demonstrating a role for the C. elegans ortholog of MBLACL1, SWIP-10, in Glu signaling,
4,83 and our study showing a specific and selective binding interaction between MBLAC1
and Cef, a p-lactam antibiotic with non-microbial, neuroprotective actions.12 8485 Cef
affords neuroprotection in many brain disorders by preventing pathology such as oxidative
stress and excitotoxicity arising from dysregulated Glu signaling. Cef regulates astroglial
expression of multiple Glu transporters, specifically the Na*-dependent Glu transporter
EAAT2/GLT1 (SLC1A2) and the cysteine/Glu exchanger (xCT, SLC7A11).12:57 We are
currently pursuing experimental studies to test our hypothesis that MBLAC1 plays a role in
mediating the neuroprotective actions of Cef. To do this we will conduct biochemical studies
to determine if constitutive loss of MBLAC1 affects the expression of the Glu transporters
regulated by Cef, and we will conduct behavioral studies on MBLAC1 KO and WT mice
treated with saline or ceftriaxone, to see if constitutive loss of MBLACL1 disrupts the
behavioral phenotypes associated with Cef treatment (i.e. how do MBLAC1 KO mice
respond to cocaine sensitization and reinstatement paradigms). We chose not to include Cef
treated WT and MBLAC1 KO mice in the presented untargeted metabolomics experiments
as we wanted an unbiased study aimed at de-orphanizing MBLAC1 and identifying
endogenous biologically relevant pathway(s) reliant on MBLACL, independent of Cef, to
guide future research.

CONCLUSIONS

Using an unbiased metabolomic approach, based on an UPLC-MS/MS, we evaluated serum
metabolome changes arising from constitutive elimination of MBLACL, an enzyme of as yet
undetermined function. Ninety-two annotations were assigned to features of interest that
significantly differed in abundance in the serum of MBLAC1 KO mice compared to WT
controls. MetaboAnalyst 3.0 and KEGG pathway analysis nominated multiple metabolic
pathways impacted in the KO, with several linked to neuroprotective, oxidative stress
reducing pathways. In an independent validation study, we confirmed an impact of loss of
MBLAC1 on bile acid biosynthesis and linoleate metabolism, pathways that share cell
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protective actions in the face of metabolic and oxidative cellular stress. Our studies designate
metabolic pathways that should be pursued in future, targeted analyses and that may
ultimately reveal the endogenous substrate(s) for MBLAC1/SWIP-10. We speculate that the
reported neuroprotective actions of Cef, a demonstrated MBLAC1 ligand, may derive from
the induction of cell defense mechanisms such as those designed to limit oxidative stress,
effects that cannot be sustained in the context of a full loss of the enzyme.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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8 PAM (NGG)
PR T S P A———

5’ ATGAACGGTCCAGTGCGCACCGAGCCCCTGCATGGTGAGATCCCTTTGCTGGCGTCCAGCGGCTCCTACTC 37
3’ TACTTGCCAGGTCACGCGTGGCTCGGGGACGTACCACTCTAGGGAAACGACCGCAGGTCGCCGAGGATCAG 5’

B WI: MNGPVRTEPLHGEIPLLASSGSYSVVVLLRGYAEPQGAGD AV R...260AA protein
Sbp KO: MNGPVRTEPLHGEIPGVQRLLLRGGSAARLRGAAGSGRRGA C*(Opal STOP)42AA protein
. 3 Male Female Total
C Brain  Liver D Expected
++ -[- +[+ /- wT 34.25 (25%) 32.25 (25%) 66.5 (25%)
37kDa —! Het 68.5 (50%) 64.5 (50%) 133 (50%)
- - 1B: MBLAC1 Homo 34.25 (25%) 32.25(25%) 66.5 (25%)
25kDa —
Male Female Total
50kDa — Observed
P IB: Actin wWT 29 (21.17%) 25(19.38%) 54 (20.30%)
37kDa — Het 69 (50.36%) 63 (48.84%) 132 (49.62%)
Homo 39 (28.47%) 41(31.78%) 80 (30.08%)
Chi Squared 1.467 4.039 5.098
P-value 0.48 0.133 0.078
Figurel.

CRISPR/Cas9 generation of the MBLAC1 KO mouse. (A) Gene diagram depicts the target
sequence used to direct DNA cut sites in the MblacI genomic sequence. The protospacer
adjacent motif (PAM) and protospacer sequences are highlighted and 5bp deletion and 14 bp
deletion of the KO are underlined. (B) Beginning of the protein sequences for WT and the 5
bp MBLAC1 KO, highlighting the frameshift/missense amino acid sequence and early
truncation of the 5 bp MBLAC1 KO line generated and used in the present study. (C)
MBLAC1 immunoblot of protein lysates prepared from WT and KO brain (cortical tissue)
and liver tissue. MBLAC1 KO mouse tissue lacks the specific 27 kDa MBLAC1 band.

Mol Omics. Author manuscript; available in PMC 2019 June 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gibson et al.

Discovery Set

WT Control Mblac1%» KO
(n=3) (n=3)

)
A

WT Control Mblac1%» KO
(n=4) (n=4)
Validation Set
(Littermates)

ollect Serum,,
& Extract

HILIC-Pos and -Neg
UPLC-MSIMS  ~

i /", _MetaboAnalyst 3.0 ii.
> —
G o@e Metabolic

Taurocholate
Hypotaurine

Linoleic Acid
Ascorbate

Page 19

Data
Analysis

Fragmentation Data
e ] ll/ Ll

Database Search

Compound

Normalize
& Statistics

Figure2.

@} Pathway Analysis V.  Glutathione Progenesis QI
¢ vi. 1. Metlin Discoverer2.0
O 2. HMDB
3. NIST M Progenesis QI
4. MassBank cLOUD
yA
0
O OO\ < mummichog 2.0
Y » Pathway Analysis
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Validation Analysis

Illustration of the workflow for the global, untargeted MBLAC1 KO serum metabolomic
discovery and validation studies. The workflow begins with serum sample preparation from
age- and sex-matched controls for the discovery set, and serum sample preparation from
littermate age- and sex-matched controls for the validation set. This diagram illustrates the
steps required for the discovery-based analysis of a multidimensional dataset across several
analysis platforms to curate tentative and putative feature annotations and prioritize
metabolic pathways altered by loss of MBLACL. Additionally, this illustration describes the
validation analysis to identify replicable metabolic pathways sensitive to MBLACL loss.
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Principal Component 1

Data representative of the UPLC-MS/MS characterization of WT and MBLAC1 KO serum
and multivariate statistical analysis. Representative total ion chromatograms separated by

(A) HILIC-POS ion mode and by (B) HILIC-NEG ion mode, WT shown in black and
MBLAC1 KO shown in red. Global, unsupervised, principal component analysis (PCA) of
the (C) HILIC-POS and (D) HILIC-NEG data illustrating distinct metabolic profiles
observed between the WT control samples (black) and the MBLAC1 KO samples (red) with
the pooled QC sample(s) (green). Note that limited sample availability restricted our PCA

analysis of pooled HILIC-NEG samples to a single sample.
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Figure 4.
Volcano plots of UPLC-MS/MS datasets. (A) HILIC-POS and (B) HILIC-NEG combining

the statistical test (y-axis: -log (P-value)) and the magnitude of the change (x-axis: (log
2(FC)) of metabolites on a scatter plot. Points in the blue shaded area represent metabolites
with a P-value <0.05, and FC<-1.2 in MBLAC1 KO samples. Points in the red shaded area
represent metabolites with a P-value <0.05, and FC> 1.2 in MBLAC1 KO samples.
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Figure5.
MetaboAnalyst 3.0 identified metabolic pathways significantly altered by loss of MBLACL.

(A) The percent differing metabolites (number of metabolites in pathway with P-value <0.05
and FC >|1.2| out of the total number of KEGG specified metabolites in the metabolic
pathway. (B) Percent of total pathway coverage determined by the number of metabolites
found in serum metabolite samples (both significantly different and unchanged

metabolites) / total number of KEGG specified metabolites in the metabolic pathway.
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Figure®6.

Loss of MBLAC1 disrupts the abundance of metabolites residing in several KEGG defined
metabolic pathways. (A) The user-defined intersection between taurine and hypotaurine
metabolism and primary bile acid biosynthesis metabolic pathways based on individual
KEGG pathways. (B) The KEGG-defined glutathione metabolism pathway. (C) The KEGG-
defined linoleate metabolism pathway. All metabolic pathways are visualized via Cytoscape
3.4 (Arrows denote enzymatic directionality defined by KEGG). Metabolites are colored per
their FC abundance differences (blue indicates decreased abundance in MBLAC1 KO, red
indicates increased abundance in MBLAC1 KO).
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